Two different types of In-Ga-Zn-O thin-film transistors, each passivated with SiOx and SiNx, were studied under negative and positive bias illumination stress (NBIS and PBIS, respectively). Larger shifts in threshold voltage were observed in the SiNx-passivated device under both NBIS and PBIS. Photo-excited charge collection spectroscopy analyses suggest that the incorporation of hydrogen during the nitride deposition induces a larger concentration of sub-bandgap trap sites within the oxide semiconductor and/or at the semiconductor/dielectric interface. These are suspected to trap holes during NBIS and electrons during PBIS, which induce negative and positive shifts in the threshold voltage, respectively.
I. INTRODUCTION
Amorphous oxide semiconductors (AOS) such as indium gallium zinc oxide (IGZO) are currently the subject of intensive research for display or memory applications [1] [2] [3] [4] [5] [6] . AOS thin-film transistors (TFTs) exhibit field effect mobility values that exceed 5 cm 2 /Vs in practical use, which are remarkably high compared to the mobility values of conventional amorphous silicon (a-Si) devices (generally limited to ∼0.5 m 2 /Vs). Amorphous oxide semiconductors can be sputter-deposited at room temperature, and because of their amorphous nature, device characteristics can be reproduced over large-area substrates with excellent uniformity. Because of the above aspects, AOS TFTs are promising switching or driving elements for large-area, high-resolution active-matrix liquid crystal displays (AMLCD) or active matrix organic light-emitting diode (AMOLED) products.
Industrial TFT devices usually adopt the inverted staggered bottom gate structure. In that structure, once the top source/drain interconnects are formed, either silicon oxide (SiO x ) or silicon-nitride (SiN x ) films are grown as the final passivation on top of the entire stack, in general, by using plasma enhanced chemical vapor deposition (PECVD). Because the deposition process of each film involves the use of different precursors (N 2 O + SiH 4 for SiO x and NH 3 + SiH 4 for SiN x ), it is essential to study their influence on the underlying oxide semiconductor and to examine the corresponding device performance and reliability. The growth of SiN x is generally known to incorporate elevated concentrations of hydrogen into the underlying oxide semiconductor (originating from the highly concentrated plasma of NH 3 and SiH 4 ), which affects the electrical properties to a significant extent [4, 7, 8] .
In the present work, the electrical characteristics and the stability of IGZO TFTs employing a SiN x and a SiO x passivation layer are studied under both negative bias illumination stress (NBIS) and positive bias illumination stress (PBIS) conditions. To correlate the device properties to the defect states in the semiconductor, we carried out density-of-states (DOS) analyses by using photo-excited charge collection spectroscopy (PECCS) [9] [10] [11] . 
II. EXPERIMENTS
The devices were fabricated by sputter depositing a Mo gate and subsequently growing a dielectric stack of 400-nm-thick SiN x and 50-nm-thick SiO x by using plasma enhanced chemical vapor deposition (PECVD). A 40 nm-thick IGZO layer with a cation composition In:Ga:Zn = 1:1:1 was formed by direct current (DC) sputtering at room temperature. A 100-nm-thick SiO x etch stopper layer was then deposited by using PECVD, and Mo was sputtered to form the source-drain electrodes. For one type of device (called "device A" hereafter), a 100-nm-thick protective SiO x film, deposited using PECVD, was grown on top of the TFT at a substrate temperature of 280
• C. A 100 nm-thick SiN x passivation layer was deposited by using PECVD for the other type (named "device B" from here on). All patterning was done by using photolithography and combinations of wet and dry etching. The above transistors were annealed in air for 1 hour at 300
• C. Devices with channel width/length = 50/15 µm were characterized using a Keithley 4200-SCS analyzer, and the threshold voltage (V T ), subthreshold swing (S) and saturation field effect mobility (µ F E ) were extracted in compliance with the gradual channel approximation. These parameters are listed in Table 1 . In addition, the measurements such as PBIS, NBIS and PEECS, were carried out in vacuum probe station. were done, with a lamp that provides visible light radiation (with a luminance of 5 W/cm 2 ) from above the device. In the presence of visible light, the devices were stressed in vacuum under negative gate bias (NBIS, V g = −20 V) and positive gate bias (PBIS, V g = +20 V) conditions, each for 3 hours. The transfer curves were collected every 30 minutes during the stress experiments.
III. RESULTS AND DISCUSSION
The behaviors of the transfer curves under NBIS and PBIS are illustrated in Fig. 2 , and the net shifts in V T (∆V T ) with respect to the stress time are indicated in Fig. 3 . When devices A and B are subjected to NBIS, the transfer curves exhibit parallel shifts, and the threshold voltages move by 1.24 V and 2.33 V in the negative direction, respectively. Upon PBIS, the V T values shift by 6.40 V and 8.90 V in the positive direction for devices A and B, respectively. The transfer curves exhibit parallel shifts without apparent degradation in the subthreshold swing, which is typically interpreted to occur due to the trapping of hole or electron carriers near the semiconductor/gate dielectric interface [2, 12] .
The subthreshold swing (S) is generally related to the total concentration of shallow interfacial defects (N it ) in the channel region near the semiconductor/gate insulator interface by the following relationship [13] :
where k is the Boltzmann constant, q the charge of an electron, and C ox the capacitance of the gate insulator per unit area. The estimated total defect density (N it ) from the above equation is listed for each device in Table  1 . This preliminary assessment leads us to suspect that the higher number of defects in device B, compared to device A, may act as carrier traps that induce larger V T shifts upon NBIS and PBIS.
The above interpretation provides an estimate of the density of shallow traps; however, sub-bandgap states within the semiconductor may also play a crucial role with respect to device stability. It is, thus, necessary to study the distribution of defect levels within the bandgap of the IGZO semiconductor. In that regard, a powerful method known as photo-excited charge collection spectroscopy (PECCS) was employed to estimate the density-of-states (DOS) in the semiconductor in devices A and B. This analytical tool was developed to perform density-of-states (DOS) analyses on ZnO, pentacene and IGZO transistors [9] [10] [11] . Here, a light source, 500-W Hg (Xe) arc lamp, was employed, along with a grating monochromator, and generated single-wavelength (from 254 to 1000 nm) photons.
The transistor properties and the density of states may be correlated by observing the behavior of the threshold voltage (V T ) with respect to the incident photon energy ( ). In conventional metal-oxide-semiconductor field-effect transistor (MOSFET) theory, the threshold voltage is, in general, represented by:
where Φ ms is the workfunction difference between the gate metal and semiconductor, and ψ s,max is the maximum potential difference between the semiconductor bulk and the active channel region, which occurs from band bending as a gate field is applied. Q eff is the effective trapped charge per unit area present in the vicinity of the IGZO/dielectric interface. Because the electrons that occupy different energy levels can be excited to the conduction band only by the interaction with incident photons of specific energy, Q eff is a function . Q G is the charge that accumulates in the gate dielectric, which is induced by the gate bias. The derivative of Eq. (2) with respect to yields:
The interfacial density of states D it can now be estimated as a function of from the conduction band minimum (E c ) by observing how much the V T shifts with respect to the incident photon energy: Figure 4 shows the DOS profiles for devices A and B as functions of the radiation energy. The IGZO TFT passivated with a SiN x film exhibits considerably higher sub-bandgap trap densities. The peaks that arise in both devices A and B as the photon energy approaches 3.25 eV may be attributed to the bandgap transition in the IGZO bulk. Those located near 1.55 eV, 1.95 eV, and 2.25 eV are thought to occur from zinc-oxygen antisites: O Zn (−/2−), O Zn (0/−) and Zn O (3 + /2+), which closely match the values reported in former density functional theory studies by Janotti and Van de Walle, where corrected transition levels were provided with respect to LDA+U estimaties on the native point defects in ZnO [8] . Based on their calculations, the relatively shallow levels located near 1.3 eV may be attributed to either zinc-oxygen antisite Zn O (4+/3+) or oxygen vacancy V O (+/0) transition levels. The incorporation of a large hydrogen concentration in the SiN x -passivated device is highly likely to induce oxygen vacancy formation in IGZO by reducing the metal oxide [14] ; thus, it is conjectured that the shallow peak at 1.3 eV is associated with the release of electrons from singly-charged oxygen vacancies (V + O ). Secondary ion mass spectrometry (SIMS) analyses, indeed, confirm that the concentration of hydrogen in the SiN x film is higher than that in SiO x by approximately an order of magnitude (inset in Fig. 4) .
Since device B contains a higher subgap level defect state density, the corresponding larger negative V T shifts compared to device A upon NBIS may be inferred to occur from a larger accumulation of net positive charge near the IGZO/dielectric interface as a result of negative gate bias and photo-excitation of electrons from the subgap states. On the other hand, the more positive V T shifts for device B during PBIS suggest that the subgap levels may also act as electron traps in the presence of a positive gate bias while charge injection into the gate insulator is also likely to take place, resulting in a net accumulation of negative charge near the IGZO/dielectric interface.
IV. CONCLUSION
To summarize, the behavior and the stability of bottom gate IGZO TFT devices using a SiO x and SiN x passivation were studied, and the SiN x -passivated device exhibited more severe degradation upon NBIS and PBIS. Such a disparity was interpreted in terms of the sub-bandgap density of states (DOS) extracted by photoexcited charge collection spectroscopy, and the results indicate that the SiN x -passivated device contains larger trap densities. The latter are thought to arise from the incorporation of hydrogen into the underlying IGZO during the growth of SiN x .
